A health-monitoring system is proposed to detect holes drilled in a pipe based on laser plasma acoustic excitations and acoustic measurements. In this system, an acoustic excitation is applied to a pipe via a laser-induced plasma in air generated by a high-power Nd: YAG pulse laser. Laser-induced plasmas can realize non-contact acoustic impulse excitations. A microphone is used to measure the time response of the acoustic pressure. In this study, we focus on the detection of a hole in the pipe. The reflection of the acoustic wave due to a hole drilled in the pipe induces a change in the time response of the acoustic pressure. Applying a continuous wavelet transform to the measured time response data with/ without the hole can locate the position of the hole. This study demonstrates the effectiveness of the present damage detection method based on an acoustic excitation using a laserinduced plasma.
Introduction
To prevent accidents due to structural failures, machine conditions must be regularly monitored. Vibration-based health monitoring approaches are actively studied in various damage detection fields such as crack/failure detection in a structure and bolted joint loosening detection. In these studies, vibration/acoustic data are measured by a sensor, which includes an accelerometer and microphone, under excitation with an impulse hammer and a piezoelectric actuator or a speaker. Additionally, fiber optic sensors are commonly used for structural health monitoring in various mechanical systems, including aircraft composite structures [1] .
In recent years, health monitoring of infrastructure (e.g., roads, bridges, and pipelines) has received increased attention because effective maintenance of aging infrastructure is imperative to ensure safe and reliable structures. Several approaches have been investigated to detect the loosening of bolted joints. These include using impedance [2, 3] , electrical conductivity [4] , and vibration measurements [5] . Vibration-based approaches commonly involve contact excitations using piezoelectric materials or impulse hammers to excite a structure and determine the frequency response. However, the excitation device must be firmly attached to the structure to use piezoelectric components. Larger sized piezoelectric components may need to be bolted to the structure. Hammering methods require specially trained technicians and are time consuming. Although dynamic characteristic measurements must be highly reproducible to be useful, the reproducibility of the input characteristics with a hammer is poor. These issues have led to research into non-contact excitation methods with a better reproducibility [6] . Acoustic excitation with a speaker can effectively realize non-contact excitation with a high reproducibility. Several methods have been proposed to generate impulse sound sources, including those employing speakers [7] , a spark discharge [8] , and a wire explosion [9] . However, these methods require device (e.g., speakers and wires) setup in a sound field, which may disturb the sound field. Moreover, the setup is extremely difficult when the sound field is inside a closed container or filled with materials harmful to humans like carbon dioxide. In research on damage detection in pipes, approaches using ultrasonic guided waves [10] [11] [12] and pattern recognition techniques [13] have been investigated. These techniques require that the excitation and measurement devices are attached to the structures.
We have realized an ideal point excitation using a laser excitation method based on laser ablation (LA) [14] [15] [16] [17] [18] [19] [20] , but the LA-generated excitation induces sub-millimeter-sized damage onto the laser-irradiated surface of a structure. From the viewpoint of non-contact and non-destructive acoustic excitations, several methods using a point sound source generated by a laser-induced plasma (LIP) have been proposed for acoustic tests [21] [22] [23] [24] . The LIP is a phenomenon where electrons emitted from atoms and molecules that absorb multiple injected photons produce a plasma via a focused laser beam into a gas.
Many studies have investigated LIPs [25] . For example, ignition with a laser spark [26] , LIP spectroscopy [27] , and LIP in water [28] . Accurate frequency characteristics have been measured by LIP excitations [29] [30] [31] . This approach has been applied to evaluate the firmness of apples [32] and to detect damage in membrane structures [33] . It is expected that combining an LIP acoustic excitation and a health monitoring approach will enhance the efficiency and accuracy of damage detection because excitation devices do not need to be placed in an acoustic field or on the structure.
Herein a damage detection system is demonstrated on the basis of an LIP acoustic excitation and acoustic measurements assuming that a hole drilled on a pipe structure induces damage. This excitation method has the following advantages. First, the excitation force can be applied in a non-contact manner without placing an excitation device such as an exciter or actuator on the target. This is beneficial because placing a device on the target may change the dynamic characteristics of the target structure. In the present technique, an excitation force is provided in a non-contact manner. Second, a high reproducibility can be achieved. The reproducibility of the excitation force in the hammering excitation method depends largely on the skills on the person conducting the measurements. Hence, reproducibility is difficult. On the other hand, a high degree of reproducibility can be assured using a laser excitation method since the excitation force defined by the laser energy is applied.
In the present system, the time history response of the sound pressure is collected by acoustic excitations via an LIP and acoustic measurements by a microphone using an acrylic pipe as the target structure. A continuous wavelet transform is applied to the time variation of the sound pressure inside the pipe, and extracting the reflected waves through the damaged hole identifies the damaged position. Experiments demonstrate that this method effectively and accurately identifies the damaged position.
Acoustic excitation via LIP
An LIP refers to a phenomenon where focusing a laser beam onto a gas causes atoms or molecules to absorb many photons by a multiphoton process. Then electrons are emitted and a plasma is formed via a cascade process. The shockwaves formed by converting part of the plasma energy at this time become the sound source via the LIP [29] [30] [31] .
Previously, the sound pressure when an LIP is generated was measured using a microphone ( Fig. 1 ) to evaluate the acoustic excitation characteristics [29] . For the time history response waveforms of the sound pressure for a point sound source via an LIP, Fig. 2 shows a diagram with an enlarged time axis around the sound pressure generation point. Fig. 3 shows the corresponding Fourier spectrum. Fig. 2(a)-(c) shows the results when the focal length l f of a lens is 100 mm (L1), 200 mm (L2) and 300 mm (L3), respectively. The results from ten measurements overlap. The point sound source generated via an LIP has a pulse width of 20 ls, which is almost an ideal impulse force that includes components up to the high frequency band of about 100 kHz. In addition, appropriately setting the laser energy or the focal length of a convex lens ensures the reproducibility of the sound pressure of the point sound source via an LIP (Fig. 2 ). Unlike LA, the advantage of the LIP excitation method is that a complete non-contact excitation can be realized since the laser is not directly irradiated onto the measurement target. Furthermore, according to the acoustic characteristics in Figs. 2 and 3, the sound pressure level measured 200 mm away from the sound source exceeds 70 dB in the audible frequency band. In this study, if sound propagating in a pipe is assumed to be a plane wave, sound attenuation is theoretically very small, and an acoustic excitation force can effectively measure the acoustic characteristics in a sound field inside the pipe by the LIP.
Objective structure and experimental system
The target structure is an acrylic pipe. The pipe has an outer diameter of 22 mm, an inner diameter of 20 mm, and an overall length of 1000 mm. Figs. 4 and 5 show the overall view and a schematic view of the acoustic excitation and measurement system using a laser, respectively. The experimental apparatus consists of a Nd: YAG laser (Surelite III-10, Continuum, wavelength of 1064 nm, laser beam radius of 4.75 mm, pulse width of 5 ns, maximum output of 850 mJ, and radial divergence angle of 0.25 mrad), convex lens (focal length of 100 mm), acrylic pipe, microphone (UC-54, RION, measurement frequency range of 20 Hz-100 kHz), and spectrum analysis system (A/D; NI PXI-1042Q, PXI-4472B, Software; CAT-System CATEC). The laser light emitted from YAG laser is focused into a pipe by a convex lens to generate an LIP. Consequently, a point sound source via the LIP is generated and the inner part of the pipe is acoustically excited. Here, when the LIP is generated in the air, most of the laser energy is converted in the air. Thus, the influence of irradiation laser such as damaging the pipe structure is negligible. Then the sound waves propagating through the pipe are measured by a microphone attached to the pipe, and the time history response of the sound pressure is collected. The position of the acoustic excitation point is set to a point 50 mm from the entrance of the pipe. The measurement position by the microphone is set 350 mm from the entrance.
In the present experimental apparatus, with respect to acoustic measurement, a hole is made in the pipe and the microphone is inserted. There is a slight gap between the microphone and the pipe. To reduce the influence on the sound field, the gap is filled with clay. As far as the measured acoustic characteristics described below are concerned, the influence of the installed microphone on the sound field can be ignored. On the other hand, even if the acoustic characteristics change due to installation of the microphone, the abnormality detection method described in Section 4 can be applied provided that a normal state and an abnormal state are defined. Applying a continuous wavelet transform to the measured acoustic data and extracting minor changes in the sound pressure characteristics successfully detects damage and identifies the damaged location. 
Wavelet transform for damage detection
Wavelet transform is a frequency analysis method. This method can conserve time-domain information, which is lost during a Fourier transform. Using a base of conversion called the mother wavelet, the extent of the mother wavelet in the signal is analyzed and the results are outputted as a wavelet coefficient. The wavelet coefficient increases as the portion of the signal agrees with the wavelet of a certain scale and at a certain location. However, the coefficient becomes smaller when the correlation is insufficient [33] . In this study, a one-dimensional continuous wavelet transform is used to detect damage.
Mother wavelet
The mother wavelet is the base of a wavelet transform. Scaling and a parallel translation of a mother wavelet are performed and applied to the signal to be analyzed. The signal is processed by checking the correlation. The present study adopts the Mexican hat wavelet, which is a famous continuous wavelet transform that does not include a complex function. The Mexican hat wavelet is shown in Eq. (1).
To apply the mother wavelet to the signal analysis, wðtÞ in Eq. (1) must be converted into a form that allows for more flexible scaling and parallel translation. For scaling, a scale parameter a is used for the mother wavelet, whereas a shift parameter b is used for the parallel translation. Eq. (2) gives the Mexican hat wavelet in a form that considers the parallel translation and scaling.
The original mother wavelet represented by Eq. (1) is when a = 1 and b = 0. Based on Eq. (2), the two parameters a and b are varied to transform the signal to be analyzed.
Continuous wavelet transform
The continuous wavelet transform for a one-dimensional function is given by Eq. (3).
Wða; bÞ
Here, Wða; bÞ is the wavelet coefficient, and xðtÞ is the signal to be analyzed and represents the time history response of the sound pressure variation inside the pipe. Scale parameter a of the wavelet is proportional to frequency f . Frequency f is referred to as the characteristic frequency, and is typically given by Eq. (4).
Here, f c is the center frequency of the mother wavelet pass band. For the Mexican hat wavelet, f c = 0.25 Hz [34] . Fig. 6 schematically diagrams the phenomenon that occurs inside a pipe with a hole when an LIP is generated near the entrance of the pipe. Additionally, an acoustic traveling wave is generated. After that, the acoustic traveling wave is reflected repeatedly at the end of the pipe but shifts to a stationary wave. Besides the reflection at the end of the pipe, the acoustic wave should be slightly reflected at the damaged part on the pipe. This reflection can be measured by the microphone.
Extraction of the characteristic change due to damage
Detection of damage and identification of the damaged position are considered by capturing the reflected wave from this damaged part from the measured data. The time when the acoustic traveling wave is first measured by the microphone is t 1 . The wave propagates in its original form until it reaches the hole. Afterwards, the wave is divided into a wave reflected by the damage and continues to propagate. The reflected wave is again measured by the microphone at t 2 . If the time when the sound wave is first measured at t 1 and the time when the reflected wave is measured at t 2 are determined, the distance from the microphone to the hole can be calculated by multiplying the difference of these times by the speed of sound. However, the effect of the sound wave reflected by microscopic damage should be much smaller than the initially generated acoustic traveling wave and the sound wave reflected at the end of the pipe. By applying a continuous wavelet transform to the measured acoustic data and extracting the slight change in the sound pressure data caused by the reflected wave due to the damage, t 1 and t 2 can be identified. Consequently, both the presence of damage and its position can be determined.
Results and discussion

Acoustic characteristics in the normal condition
The acoustic characteristics inside the pipe are measured using the experimental apparatus described in Section 3. The acoustic excitation is performed with a laser output of 600 mJ, while the sound pressure data is measured by a microphone. The location of the LIP is 50 mm from the entrance of the pipe. Fig. 7 shows the time history response of the obtained sound pressure, while Fig. 8 shows the Fourier spectrum of the sound pressure level. A very large and steep peak is detected around 0.005 s. This peak is the signal of the traveling wave of sound generated by a point sound source (acoustic impulse) via an LIP with a microphone. Thereafter, a peak appears periodically. The sound wave generated via an LIP is reflected by the end of the pipe and is re-measured by the microphone. The acoustic mode is excited up to a band of 3 kHz (Fig. 8) . Each peak in the Fourier spectrum is generated at the resonance frequency of each mode of the sound field. Table 1 compares the theoretical resonance frequencies up to the 16th order of the pipe subjected to an open-end correction and the measured peak frequency in the Fourier spectrum. The theoretical value of the resonance frequency f n is given by Eq. (5) [29] .
Here, n is the mode order, L [m] is the total pipe length, and c [m/s] is the sound velocity. The sound velocity is determined by Eq. (6).
Here, j is the specific heat ratio, M [kg/mol] is the air molecular weight, R 0 [J/mol K] is the general gas constant, and T [K] is the temperature. The total pipe length is defined by Eq. (7).
Here, l is the pipe length, and Dl is the open-end correction and is given by Eq. (8), where the pipe inner radius is r [m].
Dl ¼ 0:61r ð8Þ
The present experiment is carried out at a temperature of T ¼ 289:2 K. The calculated theoretical value of the resonance frequency is shown in Table 1 . The theoretical values and the measured values agree well, indicating that the system can realize a highly reliable measurement. The results in Table 1 and Fig. 8 confirm that the measurement is performed only in the acoustic mode in this experimental apparatus. Hence, the structural vibration of the pipe does not affect the acoustic characteristics and no component of the structural vibration is included, even in Fig. 7 . Fig. 9 shows the outline and dimensions of an acrylic pipe with a hole. The diameter of the hole is 6 mm. Fig. 10 shows the time history responses of the sound pressure measured in the healthy pipe and the damaged pipe. It should be noted that (Fig. 10(a) ). The periodicity is attributed to the numerous reflections at the end of the pipe, which are measured several times by the microphone. In Fig. 10(b) , T a is the time when the impulse is first inputted, and T b is the time when the next peak is generated. Herein T a = 9.927 ms and T b = 13.79 ms. The result when applying the continuous wavelet ( Fig. 11(a) ) indicates that the wavelet coefficients become larger at T a and T b , and characteristic signals are captured at these times. Since the moving time of the sound wave is DT ¼ T b À T a ¼ 3:863 ms, multiplying the sound speed (c ¼ 341:2 m=s) produces the moving distance of the sound wave of l 0 ¼ DT Â c ¼ 1:318 m. The to-and-fro of the distance from the actual microphone to the end of the pipe is 1.320 m, including the open-end correction, which is almost the same value. Thus, Fig. 10 confirms that the time history response is correctly measured but determining the characteristic differences in the properties between the healthy pipe and the damaged pipe is difficult.
Acoustic characteristics in healthy and damaged (hole) conditions
Damage detection using a continuous wavelet transform
Based on the concept described in Section 4.3, a continuous wavelet transform is applied to the measured acoustic data to detect damage and identify its position. The calculations are performed using one-dimensional continuous wavelet conversion commands in numerical calculation software MATLAB and its application Wavelet Toolbox. Fig. 11 shows the result of applying the continuous wavelet transform. Fig. 11(a) shows the results of applying a continuous wavelet transform to the time history response of the sound pressure measured for a healthy pipe. Fig. 11(b) shows the result for a damaged pipe. The horizontal axis in Fig. 11(a) and (b) represents time, while the vertical axis represents scale parameter a, and the color map represents the largeness of a wavelet coefficient Wða; bÞ. In the color map, the brighter a portion is, the larger the absolute value of the wavelet coefficient Wða; bÞ, which denotes a local change in the signal. In addition, the darker a portion is, the smaller the absolute value, indicating a cyclic signal or a signal with a small value. Comparing the time history response in Fig. 10(b) with the wavelet application result in Fig. 11(a) leads to a feature where the sound wave is reflected at the end of the pipe and the absolute value of the wavelet coefficient increases according to the peak generated when the wave is measured again by the microphone (i.e., a brighter portion appears periodically). The wavelet coefficient shown in Fig. 11(a) similarly appears in (b). The portion surrounded by a green frame in Fig. 11(b) does not appear in (a). Since the difference in the experimental conditions between Fig. 11(a) and (b) is the presence of a hole drilled in the pipe, the difference in the signal is attributed to the reflection of the sound wave due to the damage. Cutting the color map in Fig. 11 in the vertical direction with an arbitrary scale parameter gives the characteristics of the wavelet coefficient with respect to the scale parameter. The difference between the pipe characteristics with and without damage leads to a position identification of damage in the pipe. In this case, a portion with the scale parameter a = 16 is cut.
Although the aforementioned color map shows the absolute values of the wavelet coefficients, Fig. 12 provides the numerical values. Fig. 12 shows the characteristics of the wavelet coefficients for a = 16. The horizontal and vertical axes represent the time and wavelet coefficients, respectively. The diagram up to 0.011 s shows almost the same wavelet values for both the healthy condition and the damaged (hole) condition. However, fluctuations occur only for the damaged (hole) condition after 0.011 s. The time is almost the same as the time indicated by a green frame in Fig. 11(b) .
As shown in Fig. 12 , t 1 denotes the time when the first fluctuation occurs in both cases and t 2 indicates the time where only a fluctuation due to the hole occurs. Thus, the distance traveled by a sound wave during these times is examined. Since t 1 ¼ 9:810 ms and t 2 ¼ 11:30 ms, the traveling time of sound wave is Dt ¼ t 2 À t 1 ¼ 1:490 ms. Accordingly, multiplying the difference by the speed of sound produces DL ¼ Dt Â c ¼ 0:5084 m. In Fig. 9 , the to-and-fro distance between the microphone and the hole is 0.5 m, which is almost equal to the value obtained above. As a result, the effectiveness of this method to extract the difference in the acoustic characteristics by the presence or absence of a hole via continuous wavelet transform and to identify the damaged position is demonstrated.
Conclusions
A change in a pipe's characteristics due to drill damage may be extracted via an acoustic excitation using a laser-induced plasma generated by a high-power pulse laser and applying a wavelet transform to the time history response of the sound pressure obtained by acoustic measurements using a microphone. Furthermore, appropriately selecting a scale parameter and extracting the reflected sound due to damage may accurately identify the damaged position. With this method, device placement for excitation in a structure is unnecessary. The presence of damage is accurately determined and the location of damage is easily identified. Consequently, this method greatly contributes to maintaining the health of a system.
In this experiment, the laser output is 600 mJ. Increasing the laser output can improve the sound pressure level of the acoustic excitation input. Consequently, the acoustic excitation method and the proposed damage detection method can be applied to a larger pipe structure. Because this method can also detect a smaller pipe structure in lifelines as well as damage in arbitrary space (e.g., peeling or missing object), the proposed method has potential for diverse applications. By contrast, when it is difficult to generate the laser-induced plasma inside a pipe, a pulsed laser can be directly irradiated onto the pipe surface (outer surface), and a similar damage detection may be possible by acting as an impulse excitation force on the structure by laser ablation generated and measuring the acoustic or structural vibration characteristics caused by the impulse excitation force.
In the future, we will evaluate this method under conditions of various target structures and excitation points/measurement points and expand its applicability to arbitrary test objects. Furthermore, we will quantitatively evaluate the ability of the wavelet coefficients to extract damage and to detect size and distance of damage. 
